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Abstract — Ocean backscatter signatures were measured by the Jet Propulsion Laboratory
airborne NUSCAT K,-band scatterometer across the Gulf Stream sea surface temperature
front. The measurements were made during the Surface Wave Dynamics Experiment
(SWADE) off the coast of Virginia and Maryland in the winter of 1991. Vertical and
horizontal backscatter data at multiple incidence angles were acquired in two different
cases across the sea surface temperature boundary. Oceanic and atmospheric parameters
were recorded in situ by buoys, direction wave spectra were measured by the Scanning

Radar Altimeter (SRA) in additional to buoy wave spectral data, concurrent Advanced
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Very High Resolution Radiometer (AVHRR) images were acquired, and Fleet Numerical
Meteorology and Oceanography Center (FNMOC) analyzed surface current fields were
obtained. For the vertical polarization, backscatter across the temperature front between
the National Oceanic and Atmospheric Administration experimental coastal buoy (A) on
the cold side and Discus-Central buoy (C) on the warm side shows a difference of more than
5 dB in several flight lines. Large frontal backscatter changes are observed in all upwind,
downwind, and crosswind directions. The sea surface temperature difference measured by
the buoys was about 9°C. The corresponding difference in wind speed cannot account for
the large backscatter change in view of geophysical model functions depending only on
" neutral wind velocity such as SASS. For the case of horizontal polarization, backscatter
changes are observed across the temperature front located between buoy C and Discus-
East buoy (E). In this case, the FNMOC current field shows a ring at the center of the
SWADE area, and buoy data report smaller wind speeds and a temperature difference
approximately one half of that in the vertical backscatter case. On the cold side where the
buoy wind speed was light (4.4-4.8 m -s~!), the maximum backscatter azimuth direction
was not close to the upwind direction but located between the wind and the peak wave
directions. For both vertical and horizontal polarization cases, NUSCAT data indicate
that upwind backscatter on the cold side is smaller than or close to crosswind backscatter
on the warm side for incidence angles larger than 20° and smaller than 60°. This suggests
that the sea surface temperature front can be detected with backscatter data at these

incidence angles for various wind directions over the cold and warm sides.



I. INTRODUCTION

Sea surface temperature (SST) fronts affect the marine atmospheric boundary layer
(MABL) and influence submesoscale processes in the coastal marine zone. Understanding
effects of the temperature fronts has an important impact on coastal navigation, weather
forecasting, climate study, and submesoscale to mesoscale ocean circulation. In a study
of the effects of the SST front at the edge of the Gulf Stream on MABL, Wai and Stage
[1] found that MABL was deeper over the warm water, a cloud layer associated with the
mixed layer deepening formed over the warm ocean surface, and surface stress was much
larger over the front and the warm side compared to the cold side. Jury [2] observed that
the moist unstable MABL was 400 m deeper on the warm side and surface heat fluxes and
wind stress increased as much as fivefold across the SST front on the northern edge of the
Agulhas Current to the south of Africa. SST gradient across the Gulf Stream temperature
front causes the strong baroclinicity of the MABL, which has a significant influence on the
formation of cyclones and storms on the United States east coast [3] [4]. Xie and Lin [5]
found that the elongated horizontal distribution of surface sensible heat fluxes along the
Gulf Stream front is important to determine the effects on Carolina coastal frontogenesis.
A mesovortex drifting toward the warm Gulf Stream water has an essential role in the
initiation and organization of a new mesoscale convective system, which is associated with
the genesis of intense vorticity in the boundary layer [6].

The Gulf Stream and the surface temperature front are quite dynamic. The stream
path exhibits both wavelike spatial meanders due to instability processes and large-scale

lateral shifts due to atmospheric forcing [7]. From data assimilation experiments in the



Gulf Stream regions, Ezer and Mellor [8] conclude that Gulf Stream position data are
effective in nowcasting the deep Gulf Stream. The initialization and verification of Gulf
Stream forecast model depend heavily on synoptic snapshots of the Gulf Stream north wall
and ring locations [9]. The influx of warm Gulf Stream water oscillating in and out of the
Carolina Bays is a process responsible for the onshore transport of fish lavae into coastal
regions, and satellite observations of the stream is suggested to study variations in fish re-
cruitment [10]. Genetically distinct populations of calanoid copepod are distributed in the
western and eastern regions of the Gulf Stream [11]. The distributions of copepod species
group are associated with physical properties across the Gulf Stream with separated group
environments [12]. The fast moving Gulf Stream and its frontal eddies can cause adverse
interactions of sea turtles with the fishery on the continental shelf near Cape Hatteras
[13]. Oceanographic processes such as intrusions of Gulf Stream warm water as warm-core
rings may trigger epizootics by infective agent transport or by environmental conditions
promoting disease propagation [14]. In view of the above applications, monitoring the Gulf
Stream SST front is important to severe weather forecast, marine resource management,
and coastal environmental protection.

For radar remote sensing of the Gulf Stream SST front, variations of ocean backscat-
ter associated with the changes in oceanic and atmospheric conditions need to be investi-
gated. The advantage is that radar can see through cloud cover, which is quite frequent
over the Gulf Stream region and persistent over 75% of the time [15] [16]. Over the pass
decades, a series of papers have been published to present results on radar backscatter
across SST front. From measurements obtained during the Frontal Air-Sea Interaction

Experiment (FASINEX) in 1986 over the Gulf Stream area, Li et al. [17] found an increase



as much as 2.5 dB in vertically polarized K,-band backscatter at 50° incidence angle from
the cold to warm side with a weak SST gradient of about 2°C. The backscatter change is
attributed to the change in wind stress across the SST front [17]. Friehe et al. [18] showed
large changes in wind stress corresponding to the SST frontal crossings in FASINEX. Askari
et al. [19] observed that X-band real-aperture-radar cross-section variations at 45° inci-
dence angle for horizontal polarization mostly depend on the local wind direction relative
to the front and the change in wind stress across the front. These results, however, are
based on an analysis using satellite AVHRR data and estimated wind speed and direction
from the National Meteorological Center (NMC) due to the lack of ground truth [19]. From
data taken during an experiment carried out in 1990 in the Gulf Stream region, Askari
et al. [20] reported a change of 4.9 dB in K,-band vertical backscatter at 45° incidence
angle corresponding to a SST difference of 6°C and a wind speed about 4 m - s~ for both
cold and warm sides. In another case with 4°C’ SST change, the backscatter change was
reduced to 3.6 dB for a wind speed of 13.6 m - s~! assumed for both sides [20]. C-band
scatterometer measurements in the vicinity of the Gulf Stream during the Surface Wave
Dynamics Experiment (SWADE) indicated different behaviors in the anisotropy of ocean
backscatter signature compared to classical or empirical model results [21]; however, the
observations were limited to incidence angles less than 21° because the instrument was
primarily designed to study directional wave spectra.

In this paper, we present K,-band backscatter results, together with in situ oceanic
and atmospheric measurements, SRA directional wave spectra, concurrent AVHRR SST
imagery, and FNMOC surface current fields. Ocean backscatter signatures were acquired

over Gulf Stream SST frontal crossings during the third intensive observation period (IOP)



of SWADE, conducted in the winter of 1991 (February-March). Both horizontal and
vertical polarization backscatter data were taken with the Jet Propulsion Laboratory (JPL)
airborne NUSCAT scatterometer at multiple incidence angles up to 60°. NUSCAT data
at in full azimuth scans allow the SST frontal study in terms of backscatter azimuth
modulation including effects on up, down, and crosswind radar cross-section ratios. In situ
buoy data were obtained for both sides and directional wave spectra were also measured.
Another difference from the above referenced work is that the SST gradient across the front
was strong and the temperature difference reached up to 9.0°C in the vertical polarization
case and 4.6°C in the horizontal polarization case. In view of K,,-band scatterometers such
as QuickScat and SeaWinds to be launched by NASA to monitor global ocean conditions,
the results of this SST front study on backscatter at Kyband are relevant for applications

to the scatterometer data analyses.

I1. SURFACE WAVE DYNAMICS EXPERIMENT

The Surface Wave Dynamics Experiment was carried out in the winter of 1991 over
an instrumented oceanic area off the coast of Virginia and Maryland. The scientific goals of
SWADE are to understand the directional wave evolution and wave effects on momentum,
heat, and mass fluxes at the ocean-atmosphere interface [22] [23]. In the third IOP of
SWADE (February-March 1991), various airborne sensors [24], including the JPL NUSCAT
Ky-band scatterometer, were flown over the experimental area to study the effect of wave
field on the ocean backscatter response. We discuss here the experimental arrangement

pertaining to the study of backscatter across the Gulf Stream SST front; further details of



the experiment have been reported by Caruso et al. [23] and Nghiem et al. [25].

The experimental area covered the north wall of the Gulf Stream where an array
of buoys were deployed. The particular buoys used in this study include the National
Oceanic and Atmospheric Administration (NOAA) experimental coastal buoy A (44024)
located at 37°41.1’N and 74°42.9'W, discus buoy C (44023) at 37°32.1’N and 74°23.5°W,
and discus buoy E (44015) at 37°29.0’N and 73°23.9'W (see Figure 3). Descriptions of the
buoys and their data acquisitions have been presented elsewhere [26] [27] [24]. The buoys
provide in situ oceanic and atmospheric data such as air and sea temperatures, wind
speed and direction, stability parameter, atmospheric pressure, significant wave height,
and directional wave spectrum for use in the backscatter study. Sea surface temperatures
were also measured by the Precision Thermal Radiometer (PRT-5), an airborne nadir-
viewing infrared radiometer system. In addition to wave data from buoys at fixed locations,
directional wave spectra were obtained along various flight paths during SWADE with the
Scanning Radar Altimeter (SRA), an airborne high resolution radar operating at 36 GHz
[28].

During SWADE, NUSCAT was flown on the NASA Ames C-130 aircraft to measure
ocean backscatter over a wide variety of oceanic and atmospheric conditions. NUSCAT is a
dual-polarization scatterometer system operating at 14 GHz. NUSCAT has a high signal-
to-noise ratio and a large dynamic range designed for airborne measurements of ocean
backscatter for low to high wind conditions over a large range of incidence angles from
flight altitudes up to 10000 m. The relative calibration accuracy for NUSCAT is estimated
to be +0.23 dB and the absolute error is about +1 dB [25]. A special feature of NUSCAT

is the full azimuth scanning capability which allows the study of azimuthal modulation



signatures ip ocean backscatter for all upwind, downwind, and crosswind directions as the
aircraft flew across the SST front. There were many NUSCAT flights over the Gulf Stream
under various environmental conditions. From these flights, we eliminate cases with large
significant wave height (; 3 m), measured by buoys, to avoid complicated interactions with
the associated swells. Large swells cén disturb the marine boundary layer, increase drag

coeflicients [29], and influence ocean backscatter signatures [25].

III. DATA COLLECTION

The JPL K,-band backscatter data were collected in azimuth from 0° to 360° in
10° steps for incidence angle from 0° to 60° also in 10° steps. Figure 1 shows the NUS-
CAT antenna mounted at the tail of the C-130 aircraft (the antenna was covered inside
a hemispherical radome during flight). The incidence and azimuth angles were controlled
with a gimbal system seen as the base of the antenna in Figure 1. For each data run, the
incidence angle and and polarization were fixed and the azimuth angle was scanned once
every 4 seconds for each of the 10° steps while the aircraft flew in straight a line across the
Gulf Stream SST front. The advantage of this NUSCAT data collection procedure is that
backscatter measurements can be obtained in full azimuth scans with more independent
samples; however, horizontal and vertical polarizations were not operated simultaneously.
From the SWADE data set, we select two sets of NUSCAT data runs: one for the vertical
polarization data acquired on 28 February 1991 and the other for the horizontal polariza-
tion data on 9 March 1991. The backscatter data processing has been presented in recent

publications by Nghiem et al. [25] [30].



Data from buoys were recorded in different types of records: one for wind vector,
air and sea temperature, and other parameters; one for non-directional wave spectrum;
and another for directional wave spectrum. All of these buoy data types are available
except directional wave spectrum data at buoy A on the cold side in the case of vertical
polarization backscatter. Buoy and NUSCAT data are coordinated by selecting backscatter
measurements at the nearest location and the closest time relative to the buoys on the cold
and warm sides of the Gulf Stream SST front. The average differences between buoy and
NUSCAT measurements are 12 km in space and 17 minutes in time. In this analysis, we
eliminate NUSCAT data obtained during transitional scans between to cold and warm
sides to avoid rapid changes in the data which were partly on the different sides of the SST
front.

In addition to in-situ buoy data, SRA collected directional wave spectrum data over
the SWADE area from the NASA Wallops P-3 aircraft. SRA scans a narrow beam across
the ground track of the aircraft and measures the slant range to 64 points evenly spaced
across the swath which are converted to surface elevations. Data over 5-6 km along track
and 520 m cross-track are transformed into directional wave spectra by a two-dimensional
fast Fourier transform. SRA data processing including Doppler correction and aircraft
vertical motion removal have been presented elsewhere [28] [23]. SRA flight paths over the
SWADE area are mapped in the report by Caruso et al. [23] during the period from 27
February to 7 March 1991, when SRA was in operation. SRA directional wave data are use-
ful in complementary to to buoy wave data especially when directional wave measurements

are not available.

High-resolution infrared images of surface temperature were collected from AVHRR



on board the National Oceanic and Atmospheric Administration (NOAA) satellites NOAA-
10, 11, and 12. Over the SWADE area, there were several ascending and descending passes
per day primarily from NOAA-10, and the optimal daily coverage was typically in the early
morning and late afternoon hours [23]. The AVHRR data were obtained and processed
by the Remote Sensing Facility at Rosenstiel School of Marine and Atmospheric Science
(RSMAS), University of Miami. We selected the AVHRR images with partial cloud cover
where the Gulf Stream SST front was observable in SWADE buoy array area at the times
closest to the two study cases.

Furthermore, analyzed surface current fields were derived from the FNMOC regional-
scale circulation model DART (Data Assimilation Research and Transition). For the Gulf
Stream region, this model uses two active layers and it is initialized with the dynamic
height field from daily Gulf Stream temperature and salinity products [23]. FNMOC
surface current data are given in terms of U and V components for every 6 hours starting
at 00:00 hour. Tha data are specified on a spherical grid domain with a resolution of
0.2° in latitude and longitude. The field domain is limited to the Western North Atlantic
and the Gulf Stream regions. Examples of AVHRR images and FNMOC current fields for

SWADE are reported by Caruso et al. [23].

IV. GULF STREAM SEA SURFACE TEMPERATURE FRONT

By the end of 28 February and early 01 March 1991, the FNMOC surface current
field at date 9103010000 (1991 March 01, 00:00 hour) in the left panel of Figure 2 indicates

that the north wall of the Gulf Stream curved into the experimental area at the time of
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NUSCAT vertical polarization measurements. This surface current condition had been
persistent for several days. However, the current path quickly changed after a day as
shown by the current field at date 9103020000 in the right panel of Figure 2, where the
current flowed northeasterly and the current curl disappeared from the dense buoy array
area. Note that the buoys are marked in red on the maps in Figure 2. The boundary of
the sea surface temperature front is partially observed in the NOAA Advanced Very High
Resolution Radiometer (AVHRR) image over the cloud-free region as presented in Figure
3, where the buoys were marks with triangles. Clouds, represented with the pink color in
the image, were however covering a large area over the warm side. Buoy A was on the cold
side and buoy C is on the warm side, and the SST difference measured by the buoys was
around 9°C, which is in good agreement with the AVHRR SST. In a number of flights over
the north wall of the Gulf Stream, NUSCAT crossed the sea surface temperature front and
overpassed buoy A and buoy C. Frontal passages of the C-130 aircraft were verified with
abrupt step changes in SST measurements by the downward looking PRT-5 (see the top
panel of Figure 8).

A significant event during the third IOP of SWADE is the emergence of a warm-core
ring at the center of the experimental area. This ring is seen just above the North wall of
the Gulf Stream in the surface current field at date 9103100000 in the left panel of Figure 4
by the time of NUSCAT horizontal polarization flights. The ring had been existing at the
same location since 7 March and it was still seen in the current field at 9103110000 in the
right panel of Figure 4. During this period, the directional wave field became complicated
with multi-modal sea states and steeper waves at shorter wavelengths caused by wave-

current interactions [23]. Figure 5 presents the AVHRR sea surface temperature image
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closest to the NUSCAT flight time. The image reveals part of the SST front with still
some persistent clouds over the warm side. NUSCAT was flown between buoy C on the
cold side and buoy E on the warm side. During these flights, the change in SST was about
4°C between buoys C and E across the SST front. The AVHRR image in Figure 5 shows
the same amount of the temperature change between the buoy locations. The PRT-5 on
the aircraft also observed the sharp change in SST (see the top panel in Figure 13). In
the following sections, we presents the ocean backscatter signatures corresponding to the

above cases of the Gulf Stream and the associated SST conditions.

V. VERTICAL BACKSCATTER ACROSS THE SST FRONT

A. Physical Conditions

Oceanic and atmospheric conditions correéponding to the vertical polarization case
are characterized by the parameters listed in Table 1. These parameters are taken directly
from buoy measurements or derived from buoy data. The measured parameters include
sea surface temperature Teq, air temperature Ty;, wind speed U(buoy) at 5-m height for
buoy A and at 4-m height for buoy C, wind direction ¢y;n4, significant wave height H; /35
wave direction ¢4 Of the spectral peak wave component, and dominant wave frequency
fo. For the National Data Buoy Center (NDBC) data, wind direction is defined as the
direction from which the wind blows and wave direction is the direction from which the
wave propagates. The derived parameters are stability parameter Z(10)/L, neutral wind
speed U(19.5) at 19.5-m height, friction velocity u,, and wave age co/u.. The stability

parameter is defined with roughness length Z(10) at 10-m height and Monin-Obukhov

12



length L [33]. The wave age is determined with phase speed ¢y of the dominant gravity
wave divided by friction velocity u.. For each parameter, two numbers are given to present
the variation of the parameter during the NUSCAT flight time between 23:00 and 24:00
GMT on 28 February 1991.

Sea surface temperature (Ts.,) measured by buoy A on the cold side was about 10.1°C
and that at buoy C on the other side of the SST front was 19.1°C. The air temperature
was only 1°C or less above the SST on the cold side. The warmer air gave a slightly stable
condition as indicated by the positive values of the stability parameter Z(10)/L = 0.003
to 0.082. The air temperature on the warm side was 4.2° — 4.7° lower than the SST and
Z(10)/L showed unstable conditions with negative values between —0.125 and —0.148.
Under these conditions across the SST front, friction velocity increased by a factor of
1.7 from the cold to the warm side for the range of wind speeds in this case. The wind
speeds were in the moderate range with neutral winds between 8.5-9.1 m-s~! and 13.5-14.0
m - s~!on the cold and warm sides, respectively. The wind directions were approximately
from south-southwest at both buoys A and C and made small angles with respect to the
proximate SST boundary. Significant wave height on the cold side was 1.5 time smaller
than that on the warm side; note that this was about the same factor for the wind speed
ratio of the two sides. Wave parameters ¢y qye, fo, and co/u. were not available at buoy
A for the present analysis. At buoy C, the wave direction was close to the wind direction
with a dominant wave frequency at 0.2 Hz for a wave field at relatively small wave age

co/u. = 13.0.
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B. Directional Wave Spectra

NDBC 3-m discus buoys in the SWADE network were equipped with heave-pitch-roll
sensors for directional wave spectrum measurements [31] [27]. Studies of wave spectra in
the SWADE area have shown that wave-current interactions have a significant influence on
wave propagation, energy, and directional spreading [32] [28]. For this present study, we
use directional wave spectrum data from buoy C on the warm side of the Gulf Stream. Such
data are not available from buoy A on the cold side and directional wave data obtained
with SRA will be used.

Figure 6 presents wave spectra obtained from buoy C during the the NUSCAT vertical
polarization data runs. The wave spectra are plotted in polar coordin}ates with the vertical
axis pointed up to the north and the polar angle is in clockwise direction with 90° for
east, 180° for south, and 270° for west. Wave directions at spectral peak (‘from-direction’
as defined in Section V.A above) are represented with white arrows whose radial lengths
correspond to wave frequency in Hz. The yellow arrow denotes buoy-measured wind vector
whose length is given in 50 times of the white radial scale. The orange vector, whose length
is taken to be the same as the yellow one, shows the apparent wind direction determined
by NUSCAT backscatter data; this will be discussed further in the next section. In the
right panel of Figure 6, the NUSCAT wind vector, which coincides with the buoy wind
vector, is plotted over the wind vector and thus only the orange arrow appears in this plot.

During the time of NUSCAT flights, the wave spectra shown in Figure 6 peaked at
0.19-0.20 Hz and the dominant waves became enhanced from 23:00 to 24:00 GMT while

the wave direction rotated clockwise toward the west by just a few degrees. Figure 5 also
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shows that the wind direction has a small rotation in the same direction. The direction
changes are however within the measurement uncertainties and no definitive conclusion
can be made. The longer wave component (at 0.1 Hz), propagating approximately from
the east-northeast direction, was slightly diminishing. An examination of wave spectra at
earlier times on the same date (28 February 1991) actually indicated that this longer wave
component had been the dominant one [23].

SRA directional wave spectra are presented in Figure 7 for the cold side. The left
panel is the wave spectrum at the time and location close to JPL NUSCAT radar data
acquisition. This plot shows a dominant wave component at 0.1 Hz. This is a swell
propagated from the east on the continent shelf toward the shore while the wind was
blowing from the south-southwest as measured by buoy A. The right panel is another
SRA directional wave spectrum located further westward (nearer to the shore) and taken
at a later time. The latter spectrum shows some enhancement of the dominant wave
and the wave direction was persistent toward the shore. Closer toward the shore, wave
components propagated from southerly directions mostly vanished (see Walsh et al. [28]
for further details of directional wave spectra). The corresponding significant wave heights
given at the lower left corners of the plots also indicate higher waves nearer to the shore.
Sea surface temperature measured at buoy A is also marked in the lower right corners of
the plots. Comparing the buoy directional wave spectra on the warm side with the SRA
spectra on the cold side shows that the swell system with fo = 0.1 Hz came from the
east-northeasterly direction and propagated across the SST front without much changing

in wave directions.
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C. Backscatter Results

Figure 8 presents an example of ocean backscatter signature taken across the Gulf
Stream SST front between buoys A and C under the wind and wave conditions discussed
in the above sections. The top panel of Figure 8 plots SST measured by the PRT-5 on
the C-130 aircraft. The SST boundary is clearly seen in the SST plot with the strong step
change in temperature around 23:27 GMT (28 February 1991). The plot shows SST of
10.3°C and 17.4°C at locations near buoys A and C, respectively. The PRT-5 SST on the
cold side is very close to the buoy SST of 10.1°C as given in Table 1. On the warm side,
the SST measured from the aircraft was colder than that obtained from buoy data (19.1°C
from Table 1). The difference could be caused by atmospheric effects in the path between
the airborne PRT-5 radiometer and the sea surface on the warm side.

The upper middle panel of Figure 8 shows first-look backscatter data (op) in full
azimuthal scan directions (360°) at incidence angles around 60° as NUSCAT flew across
the SST front. The vertical polarization is denoted with VV in this plot. As observed
from Figure 8, the backscatter manifests the step change across the SST front. Azimuth
modulations in the backscatter signature are stronger with a large peak-to-peak value
compared to the shallower azimuth modulation on the warm side. The incidence angle
plot in Figure 8 indicates some small variations around the incidence angle commanded
at 60°. This is due to a tilt in the antenna rotation axis caused by the difference between
desired and operational pitch angles during NUSCAT flights. Effects of the incidence
variations are accounted for in the NUSCAT data processor [30]. The bottom panel in

Figure 8 shows the full azimuthal scanning capability of NUSCAT in terms of azimuth
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angle with respect to north.

The apparent wind direction is defined as the azimuth angle at which the radar
backscatter is maximum. Over a wind generated wave field, the apparent wind direction
coincides with the actual wind direction because the sea surface roughness and slope are
largest at upwind giving rise to the maximum backscatter. Apparent wind directions are
determined directly from the NUSCAT data processor without relying either on geophysical
model functions or on buoy measurements [30].

NUSCAT and buoy wind directions, plotted over the directional wave spectra in
Figure 6 for the warm side and Figure 7 for the cold side, are close to or coincident with
each other. In fact, the apparent wind directions retrieved from NUSCAT data from:
various flights vary between 193° and 199° compared to 205° measured by buoy A on the
cold side, and between 210° — 217° compared to 214° — 217° by buoy C on the warm
side of the Gulf Stream SST front. These observations suggest that the capillary waves
primarily responsible for the backscatter signature are well aligned with the wind direction
without much effects from large wave components for the corresponding wind speeds in
the moderate range (see Table 1). These results on wind direction are consistent with
a previous study of large wave effects on backscatter in the moderate wind range [25].
Furthermore, the significant wave height and wave age in Table 1 show that the large wave
components are not very strong nor very well developed.

NUSCAT backscatter data at the vertical polarization for various SST crossings are
processed to determine the corresponding backscatter values at upwind, crosswind, and
downwind directions. SASS-II geophysical model function [34], which relates backscatter

to neutral wind at 19.5-m height, is also used to calculate backscatter with wind speeds
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and wind directions measured by buoys. The upper panels in Figure 9 compare vertical
backscatter on both side of the SST front from 20° to 60° incidence angles for every 10°
step at all of the up, cross, and downwind directions, except at 40° where data at downwind
are not available. The plots show backscatter increases from the cold side to the warm
side at all incidence angles.

At the small incidence of 20°, NUSCAT data agree well at all directions with model
results accounting for the wind speed difference between the two sides. For the warm
side where neutral wind speed U(19.5) =13.5-14.0 m - s~! under unstable conditions (see
negative values of Zo/L in Table 1 and the discussion in Section V.A), NUSCAT data
at upwind and crosswind are slightly higher than model results at incidence angles larger
than 30°. For the cold side where the wind speed range is lower under stable conditions
with positive Zy/L values, NUSCAT data are lower than model results at incidence angles
between 30° and 50° for all of the directions.

The lower panels in Figure 9 compare backscatter changes between two sides of
the Gulf Stream SST front. The backscatter change is defined as Aoy, = oyy(Warm
side)—oyy(cold side) in the decibel (dB) domain. NUSCAT backscatter data show strong
changes with differences of 4 dB to 7.5 dB in many cases. These changes are significantly
higher than the model predictions for incidence angles from 30° to 50°. This is because
NUSCAT data are lower than the calculated results on the stable cold side and higher on the
unstable warm side. Backscatter changes are smaller at the small incidence angle of 20° and
at the large incidence angle of 60°. In these cases, agreements on the backscatter changes
between observed data and model calculations are better. Note that corresponding changes

in wind speeds measured by buoys across the SST front is by a factor of 1.5 while changes
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in friction velocities calculated from Large and Pond’s formulation [33] is by a larger factoer
of 1.7 because of air-sea temperature differences. However, actual measurements of friction
velocity are not available at the timesn and locations of NUSCAT data acquisitions for the
above cases.

Backscatter ratios are presented in Figure 10 for the cold side, the warm side,
and the difference between the two sides. Here, the difference is defined as ratio(warm
side)—ratio(cold side) in the dB domain. The upper left and middle panels of Figure 10
show that NUSCAT ratios of upwind backscatter over downwind backscatter are larger
than model results at incidence angles smaller than 60° for both sides. Thus, the upwind-
downwind asymmetry is stronger in the observed data. The upper right panel indicates
that differences in upwind-downwind backscatter ratios between the two sides are about 1
dB compared to model calculations, which are not very sensitive to incidence angle.

The lower left and middle panels in Figure 10 show that both NUSCAT and SASS-
II ratios of upwind backscatter over crosswind backscatter are larger on the cold side
compared to those on the warm side for incidence angles at 40° or larger. Thus the peak-to-
peak azimuth modulations are stronger on the cold side, which have been observed in Figure
8 during the NUSCAT flight between buoys A and C. This trend is however reverse for
incidence angles smaller than 30° where NUSCAT data have stronger azimuth modulations
compared to the model results on both sides. Over the whole range of incidence angles,
NUSCAT as well as SASS-II azimuth modulations become larger at larger incidence angles
and the sensitivity is larger on the cold side. Unlike the upwind-downwind ratio changes,
the upwind-crosswind ratio differences across the SST front seems to have a decreasing

trend with larger incidence angles as observed in the lower right panel of Figure 10.
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Upwind (maximum) backscatter on the cold side and crosswind (minimum) backscat-
ter on the warm side are plotted in Figure 11. At incidence angles from 30° to 50°, NUS-
CAT data show that the maximum backscatter on the cold side is very close to or even a
little smaller than the minimum backscatter on the warm side of the Gulf Stream. Model
results are also plotted for comparisons. The observed data in Figure 11 suggest that
backscatter at vertical polarization can be used to identify the cold side and the warm of
the Gulf Stream in this case for most of the different wind directions on the two sides,
except when the wind direction is turned by around 90° or almost perpendicular from one

side to the other side.

VI. HORIZONTAL BACKSCATTER ACROSS THE SST FRONT

A. Physical Conditions

NUSCAT data runs for the horizontal polarization across the Gulf Strean SST front
occurred on 9-10 March 1998. Table 2 summarizes corresponding oceanic and atmospheric
conditions obtained from buoy C on the cold side and buoy E on the warm side. Two
numbers are reported for each parameter to indicate the variation during NUSCAT mea-
surements. Sea surface temperature (T,.,) recorded by buoy on the cold side ranged
from 14.9°C to 16.0°C and the temperature on the warm side was slightly above 19°C.
Compared to the case of vertical polarization, air temperature (Ty;-) was colder on both
sides due to the passage of a cold front and Ty;. varied between 4.8°C to 5.8° on the
cold side and between 5.5°C to 7.1° on the warm side. These resulted in unstable condi-

tions with Z(10)/L = —2.08 to —1.88 for the cold side and less unstable conditions with
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Z(10)/L = —1.13 to —0.82 for the warm side. Wind speeds were in the light wind range
to the moderate wind range from the cold to the warm side, respectively (see Table 2).
Across the SST front, friction velocity u, increased by more than 50% from 4.4-4.6 m-s~! to
7.0-7.6 m - s~!. The winds were from northerly directions due to the cold front, which
interrupted the south and southwesterly wind pattern earlier in the third IOP of SWADE.
The northerly wind directions made large angles with respect the general boundary of the
SST front in the vicinity of buoys C and E. Significant wave heights were slightly smaller on
the cold side with wave direction ¢,,4,. rotated clockwise to the east compared to that at
buoy E on the warm area. With the same dominant wave frequency fo = 0.15 Hz on both
sides, the cold side had larger wave age co/u. = 42.0 to 51.4 compared to co/u. = 18.1 to

37.6 on the other side.
B. Dz’rectiohal Wave Spectra

Directional wave spectrum data are available from the discus buoys on both sides of
the SST boundary. Figure 12 plots directional wave spectra obtained from buoy C on the
cold side (lower panels) and from buoy E on the warm side (upper panels) during NUSCAT
flight time. The upper panels in Figure 12 shows that both winds and waves on the warm
side were from northerly directions. At the later time, buoy wind (yellow arrows) and wave
(white arrows) directions were very well aligned and the wave field became weaker with
a lower significant wave height (see upper panels in Figure 12). In the upper left panel
in Figure 12, NUSCAT apparent wind (orange arrow) direction coincides with buoy wind
and it is plotted over the buoy wind direction.

On the cold side, the plots in the lower panels in Figure 12 also shows that the
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wave field became weaker at the later time while the wave direction at spectral peak were
persistent from north-northeast. In contrast to the case on the warm side, dominant wave
directions on the cold side made large angles with buoy wind directions, which were around
north-northwest (see lower panels of Figure 12). The north-northwesterly wind could not
locally generated the north-northeasterly wave system, which was a swell propagating
into the local area. The white arrows show a frequency of 0.15 Hz for the wave spectral
peak component on both sides of the SST front. Significant wave heights and sea surface

temperatures measured by the buoys are also given on the plots.
C. Backscatter Results

An example of NUSCAT horizontal backscatter results across the Gulf Stream SST
front are presented in Figure 13. The top panel traces sea surface temperature observed
with the PRT-5 as NUSCAT flew from the cold side to the warm side. The sharp temper-
ature gradient is clearly seen at 23:36 GMT (9 March 1991) on the temperature plot. The
PRT-5 temperatures are slightly lower than those measured by buoys listed in Table 2.
Horizontal (HH) backscatter data around 60° incidence angle are presented in the upper
middle panel of Figure 13. The backscatter demonstrates the step change as the NUSCAT
antenna scanned across the SST front. Note that harmonic azimuth modulations in ocean
backscatter beat with incidence angle modulations causing complex azimuth patterns in
the first-look backscatter data as plotted in Figure 13, Effects of incidence angle modula-
tions are accounted for in the NUSCAT data processor (Nghiem et al., 1997). The bottom
panel of Figure 13 plots corresponding azimuth angles in full scans from 0° to 360°.

NUSCAT data are used to determine apparent wind directions shown in Figure 12
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(orange arrows). On the warm side, NUSCAT and buoy wind directions are either coinci-
dent or very close to each other. From several NUSCAT data runs on the warm side where
the wind speed is in the moderate range, the apparent wind directions are from around
12° (a little to the right of north) and 344° (a little to the left of north) compared to 3°
and 344° measured by buoy. For the cold side, the lower two panels in Figure 12 show
that apparent wind directions (orange arrows) obtained from different NUSCAT data runs
at different incidence angles are both close to the north (350° and 354°). Corresponding
to these cases, buoy wind directions are close together and wave directions vary within a
few degrees as seen in the buoy data (see the lower panels in Figure 12). Thus, NUSCAT
apparent wind directions are in between buoy wind and wave directions. In fact, NUSCAT
wind directions are 29°-35° to the right of the buoy wind directions and 30°-35° to the
left of the wave directions. Note that the wind speed over the cold side is in the light
wind range (see Table 2), which allows sea surface temperature [35] and swell [25] to have
significant effects on radar backscatter. Comparing the two sides (vertical columns in Fig-
ures 12), the apparent wind directions perceived by NUSCAT are more continuous across
the SST front while the buoy wind direction turns counterclockwise toward the west on
the cold side and the wave direction rotates clockwise toward the east from the northerly
direction on the warm side.

Upwind, downwind, and crosswind backscatter results from NUSCAT and SASS-II
are compared in Figure 14 for incidence angles at 20°, 40°, and 60° where backscatter data
are obtained on both sides of the SST front. Both NUSCAT and SASS-II results show that
backscatter increases from the cold side to the warm side. Similar to the case of the vertical

polarization, experimental data and model calculations of the horizontal backscatter agree
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well at 20° in terms of the absolute backscatter levels at upwind, downwind, and crosswind
(upper panels in Figure 14), and in terms of backscatter change across the SST front (lower
panels in Figure 14). At 40° incidence angle, o, data compare very well with the model
results on the warm side under moderate wind conditions while the data are consistently
lower than the calculations at different azimuth directions giving rise to larger backscatter
changes observed by NUSCAT across the front. These observed changes are large (around
5 dB or more) in all upwind, downwind, and crosswind directions. For 60° incidence angle,
onn data are mostly lower than model results while the observed backscatter increases
(from cold to warm side) are lower at upwind and downwind and higher at crosswind as
compared to the calculated backscatter changes.

Results for upwind-downwind and upwind-crosswind backscatter ratios are presented
in Figure 15. Also similar to the vertical polarization case, the upwind-downwind backscat-
ter ratio at 20° and 40° incidence angles for the horizontal polarization (upper left and
middle panels in Figure 15) is larger for measured data. This indicates that NUSCAT ob-
serves a stronger upwind-downwind asymmetry. The upper right panel in Figure 15 show
that SASS-II predicts virtually no change in the backscatter ratio between the two sides
while NUSCAT data presents observable differences in the upwind-downwind ratio. The
lower panels in Figure 15 indicates a stronger upwind-crosswind asymmetry in the mea-
surements at 20° and 40°, where both NUSCAT and SASS-II suggest very little change in
the upwind-crosswind ratio across the SST front. For 60° incidence angles, the backscatter
ratio data and calculations do not compare well for both sides. Nevertheless, Figure 16
shows that the maximum backscatter at upwind on the cold side is close to or smaller

(at 40°) compared to the minimum backscatter at crosswind on the warm side, indicating
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that horizontal backscatter can be used to identify the SST front, assuming an adequate

resolution, for different wind directions on the two sides in this case.

V. SUMMARY

We have presented K,-band radar backscatter at incidence angles from 20° to 60°
for vertical and horizontal polarizations measured by NUSCAT during SWADE across the
Gulf Stream SST front. For the vertical polarization case, the SST gradient was as strong
as 9°C across the front giving rise to a stable atmospheric boundary condition on the cold
side and an unstable one on the warm sea surface which winds on the two sided were in the
moderate range. A large increase is observed in the backscatter from the cold side to the
warm side of the SST front while buoy data show higher wind speed on the warm side. The
backscatter increase is underestimated by SASS-II model. Measured azimuth-modulation
backscatter ratios are also different from the calculated values. These results indicate that
the backscatter increase across the SST front is not simply dominant by the change in
neutral wind speed. For the horizontal polarization case, a warm-core rigg appeared on
the north side of the Gulf Stream and the SST gradient was about 4°C under light winds
on the cold side and moderate winds on the warm side. Similar to the vertical case, strong
backscatter increase is observed across the SST boundary and measured backscatter signa-
tures have stronger azimuth modulations compared to calculated values at 40° incidence
angle. Furthermore, apparent wind directions seen by NUSCAT are between buoy wind
and wave directions on the cold side where effects of swell can be important. In both

cases, cold-side upwind backscatter is smaller or close to warm-side crosswind backscatter
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for the middle range of incidence angles (30-50°), which suggests that the SST front can
be detected by radar backscatter at these incidence angles for wind blowing in different

directions over the cold and warm sides.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

LIST OF FIGURES

NUSCAT antenna and the gimbal system mounted under the tail of the NASA
Ames C-130 aircraft. The photograph was taken with the radome removed.
Fleet Numerical Meteorology and Oceanography Center (FNMOC) current
fields: (a) the left panel is the FNMOC current field at the beginning of 1
March 1991, and (b) the right panel is the FNMOC current field 1 day later.
Current directions are denoted with the arrows and current strengths are color
coded.

National Oceanic and Atmospheric Administration (NOAA) Advanced Very
High Resolution Radiometer (AVHRR) image of sea surface temperature over
the SWADE area on 1 March 1991. Part of the Gulf Stream sea surface
temperature front is seen in the cloud-free area of the image. Cloud cover is
assigned to 0°C represented with the dark pink color.

Fleet Numerical Meteorology and Oceanography Center (FNMOC) current
fields: (a) The left panel is the FNMOC current field at the beginning of 10
March 1991, and (b) the right panel is the FNMOC current field 1 day later.
Current directions are denoted with the arrows and current strengths are color
coded.

National Oceanic and Atmospheric Administration (NOAA) Advanced Very
High Resolution Radiometer (AVHRR) image of sea surface temperature over
the SWADE area on 9 March 1991. Part of the Gulf Stream sea surface

temperature front is seen in the cloud-free area of the image. Cloud cover is
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Figure 6

Figure 7

Figure 8

Figure 9

assigned to 0°C represented with the dark pink color.

Directional wave spectra in the frequency domain measured by buoy C on
28 February 1991: (a) the left panel is for 23:00 GMT, and (b) the right
panel is the spectrum 1 hour later. The concentric dotted circles are at 0.1
Hz intervals and the radial dotted lines are 30° apart. The white arrow is
for wave direction, yellow for wind vector measured by buoy, and orange for
apparent wind direction obtained from NUSCAT data. For each plot, sea
surface temperature is given at the lower right-hand corner and significant
wave height at the left-hand corner.

Directional wave spectra in the frequency domain measured by SRA on 28
February 1991: (a) the left panel is for 23:03:31 GMT at 37°14.8’N and
75°08.7"W, and (b) the right panel is for 23:05:41 GMT at 37°15.3’N and
75°18.6’'W.

NUSCAT data acquired on 2 February 1991: (a) the top panel is for surface
temperature measured by the Precision Thermal Radiometer (PRT-5), (b) the
upper middle panel shows NUSCAT backscatter at vertical polarization, (c)
the lower middle panel is for incidence and]gle, and (d) the bottom panel is
for azimuth angles.

Backscatter at vertical polarization on the cold side and the warm side of the
Gulf Stream sea surface temperature front: the top panels from left to right
are for backscatter at upwind, downwind, and crosswind directions, and the

lower panels are for corresponding backscatter changes between the two sides.

Figure 10 Backscatter ratios at vertical polarization: the top panels from left to right
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Figure 11

Figure 12

Figure 13

Figure 14

are for upwind-downwind ratios on the cold side, warm side, and differences
between the two sides, and the lower panels are for upwind-crosswind ratios.
Comparisons of upwind backscatter vertical polarization on the cold side with
crosswind backscatter on the warm side. Both NUSCAT observations‘and
SASS-II calculations are plotted.

Directional wave spectra in the frequency domain measured by buoys E and C:
(a) the upper left panel is for buoy E at 22:00 GMT on 9 March 1991, (b) the
upper right panel is for buoy E at 02:00 GMT on 10 March 1991, (c) the lower
left panel is for buoy C at 23:00 GMT on 9 March 1991, and (b) the lower right
panel is for buoy C at 02:00 GMT on 10 March 1991. These plots arranged
by the cold side in the bottom and the warm side on top; time increases from
left to right. The concentric dotted circles are at 0.1 Hz intervals and the
radial dotted lines are 30° apart. The white arrow is for wave direction, yellow
for wind vector measured by buoy, and orange for apparent wind direction
obtained from NUSCAT data. Sea surface temperature in °C and significant
wave height in meter are given for each plot.

NUSCAT data acquired on 9 March 1991: (a) the top panel is for surface
temperature measured by the Precision Thermal Radiometer (PRT-5), (b) the
upper middle panel shows NUSCAT backscatter at horizontal polarization, (c)
the lower middle panel is for incidence and]gle, and (d) the bottom panel is
for azimuth angles.

Backscatter at horizontal polarization on the cold side and the warm side of

the Gulf Stream sea surface temperature front: the top panels from left to
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Figure 15

Figure 16

right are for backscatter at upwind, downwind, and crosswind directions, and
the lower panels are for corresponding backscatter changes between the two
sides.

Backscatter ratios at horizontal polarization: the top panels from left to right
are for upwind-downwind ratios on the cold side, warm side, and differences
between the two sides, and the lower panels are for upwind-crosswind ratios.
Comparisons of upwind backscatter at horizontal polarization on the cold side
with crosswind backscatter on the warm side. Both NUSCAT observations

and SASS-II calculations are plotted.
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Table 1

Table 2

LIST OF TABLES

Oceanic and atmospheric parameters measured by buoy or derived from buoy
data for the case of NUSCAT vertical polarization. Buoy A data are used for
the cold side and buoy C for the warm side.

Oceanic and atmospheric parameters measured by buoy or derived from buoy
data for the case of NUSCAT horizontal polarization. Buoy C data are used

for the cold side and buoy E for the warm side.
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Parameter Unit Cold Side Warm Side
Tsea °C 10.1/10.2 19.1/19.1
Tyir °C 10.8/11.2 14.4/14.9

Z(10)/L unitless  +0.003/ +0.082  —0.148/ — 0.125
U (buoy) m-s~! 7.6/8.1 11.5/11.9
U(195)  m-s-! 8.5/9.1 13.5/14.0
Us m-s—! 0.27/0.29 0.46/0.48
Pwind degree 205 /205 214/217
Hys m 1.0/1.1 1.5/1.5
Pwave degree — 187/193
fo Hz — 0.19/0.20
o/ Us unitless — 13.0/17.0

Table 1. Atmospheric and oceanic parameters measured by
buoy or derived from buoy data for the case of NUSCAT vertical
polarization. Buoy A data are used for the cold side and buoy
C for the warm side.



Parameter Unit Cold Side Warm Side

Thea °C 14.9/16.0 19.1/19.5
Toir °C 4.8/5.8 5.5/7.1
Z(10)/L  unitlesss —2.08/ —1.88  —1.13/ —0.82
U (buoy) m-s~! 4.4/4.6 7.0/7.6
U(19.5) m-s~! 5.6/5.8 8.6/9.2
Ux m-s! 0.18/0.19 0.28/0.30
Pwind degree 319/321 12/344
Hy s m 1.0/1.2 1.2/1.4
Pwave degree 20/29 0/7
fo Hz 0.15/0.15 0.15/0.15
co/Un unitless 42.0/51.4 18.1/37.6

Table 2. Atmospheric and oceanic parameters measured by
buoy or derived from buoy data for the case of NUSCAT hori-
zontal polarization. Buoy C data are used for the cold side and
buoy E for the warm side.



